by exocytotic fusion together with the H ϩ -ATPase. The Results molecular identity of these channels has not yet been Disruption of the Clcn7 Gene established.
We used two different strategies to disrupt the Clcn7 Mutations in two human genes are known to cause gene ( Figure 1A ). Construct C7A was designed to abolosteopetrosis by impairing osteoclast function. Both ish expression of ClC-7 completely, whereas in congenes are important for proton secretion. Carbonic anstruct C7B, a lacZ reporter gene was fused in frame to hydrase II deficiency leads to a relatively mild osexon 7. This should result in a fusion protein between teopetrosis associated with renal tubular acidosis ( Figures 1B and 1D) . Westmouse, as well as its disruption by homologous recomern blot analysis using an antibody directed against the bination, lead to a similar phenotype in mice (Li et al., ClC-7 amino-terminus revealed that this protein is ab-1999; Scimeca et al., 2000) . sent from Clcn7 Ϫ/Ϫ fibroblasts of strain C7A ( Figure 1C ). We now show that ClC-7 is a late endosomal/lysoThe 130 kDa band detected in C7B mice represents the somal Cl Ϫ channel that is highly expressed in osteoClC-7/␤-galactosidase fusion protein. clasts where it can be inserted into the ruffled border. Disruption of ClC-7 in mice led to severe osteopetrosis that was due to a failure of osteoclasts to secrete acid.
Embryonic Tissue Distribution and Subcellular As observed in some patients suffering from malignant Localization of ClC-7 infantile osteopetrosis, Clcn7 Ϫ/Ϫ mice additionally deClC-7 is already expressed during early embryogenesis veloped severe retinal degeneration. Testing CLCN7 as (Brandt and Jentsch, 1995) . Although ClC-7 disruption a candidate gene for the human disease, we identified did not seem to affect prenatal development, we investia child with malignant osteopetrosis who was a comgated the expression of ClC-7 at embryonic day E16.5 pound heterozygote for CLCN7 mutations. Our work by in situ hybridization (Figures 2A and 2B ) and X-Gal reveals CLCN7 as a novel gene underlying human osstaining using strain C7B (Figures 2C-2F ). There was teopetrosis and demonstrates that it encodes the longa ubiquitous weak basal expression. Both techniques sought Cl Ϫ channel involved in osteoclast HCl secretion. revealed a prominent staining of dorsal root ganglia The expression pattern of ClC-7 and the degeneration (DRG), the trigeminal ganglion, the eye, and brain. These of the retina suggest that it may play an important role signals were specific as they were absent in knockout in intracellular compartments of neuronal and other tis-(KO) animals (in situ hybridization; Figure 2B ) or in wildtype (WT) animals (X-Gal staining; Figure 2C ), respecsues as well. tively. Clcn7 was transcribed in the embryonic lens, of both strains had an identical, severe phenotype. Roughly 25% of E18 embryos from heterozygous matneuroretina, and retinal pigment epithelium (RPE) (Figure 2E) . Embryonic osteoclasts expressed high levels ings were Clcn7 Ϫ/Ϫ . Due to an increased postnatal lethality, this number dropped to ‫%61ف‬ at P7. KO mice were of the ClC-7/␤-galactosidase fusion protein ( Figure 2F ). Similar, albeit weaker, staining was seen in heterozysmaller, had dysmorphic heads, an abnormal body posture, and short limbs ( Figure 3A ). Teeth were formed, gous embryos from strain C7B.
The subcellular localization of endogenous ClC-7 probut did not erupt. Growth retardation became apparent during the second postnatal week and could not be tein was determined in mouse embryonic fibroblasts (MF) by immunofluorescence ( Figures 2G-2J ). ClC-7 prevented by feeding liquid diet ( Figure 3C ). Clcn7 Ϫ/Ϫ animals did not survive for more than 6-7 weeks. Radiowas present in vesicular structures throughout the cytoplasm, but could not be detected in the plasma memgraphs of 4-week-old littermates disclosed details of the dysmorphism ( Figure 3B ). At higher magnification, brane. There was a nearly complete overlap with lamp-1, a protein expressed in late endosomes and lysosomes. radiographs of the tibia ( Figure 3D ) showed that the shortened long bones of the Clcn7 Ϫ/Ϫ mice lacked a Only limited colocalization was observed with early endosome antigen (EEA1), the trans-Golgi network marker marrow cavity. Tibia sections revealed a disorganized trabecular structure, fibrosis, and an absence of a regu-␥-adaptin, and with the endoplasmatic reticulum marker protein disulfide isomerase (PDI) (Figures 2H-2J ). lar corticalis ( Figure 3E ). Subtle changes in bone morphology were already observable at E16 at sites of beThese results were confirmed by analyzing membrane fractions of MFs separated by Percoll density centrifuginning mineralization. The ratio of total bone volume gation ( Figure 2K ). The enzymatic activity of the lysoto trabecular volume was increased about 7-fold in KO somal acidic hydrolase ␤-hexosaminidase copurified mice at day P42 ( Figure 3F ). A calcein/tetracycline labelwith ClC-7 ( Figure 2L ). ClC-7 and the endosomal marker ing experiment was used to assess bone apposition rab4 overlapped in fractions 8-10, which contained late rate, which depends on osteoblast function. It was not and early endosomes. a firm attachment to bone, were often visible ( Figure 4D ). To examine whether adult osteoclasts express ClC-7 to Likewise, Clcn7 Ϫ/Ϫ mice KO mice were anemic (hematocrit: 34 Ϯ 2% (Ϫ/Ϫ) versus 45 Ϯ 1% (ϩ/ϩ and ϩ/Ϫ)) the same high levels as embryonic osteoclasts ( Figure  2F ), we used X-Gal to stain tibiae of mice from the (n Ն 4 ϮSEM) and displayed splenomegaly (10.1 Ϯ 1.3 ␤-galactosidase-expressing strain C7B ( Figure 4E ). The mg/g (KO) versus 5.0 Ϯ 1.0 mg/g (WT); organ weight/ strongest label was again associated with multinuclebody weight) (n Ն 4 ϮSEM). Hence, Clcn7 Ϫ/Ϫ mice suffer ated osteoclasts attached to the bone surface. Immunofrom a lethal form of recessive osteopetrosis.
histochemistry using a ClC-7 antibody confirmed this finding ( Figures 4F and 4G ). Similar to fibroblasts (Figures 2G-2J ), all osteoclasts were stained intracellularly.
Osteoclast Morphology and Ruffled Border Localization of ClC-7
In some cases, the signal was additionally concentrated at the osteoclast/bone interface. To analyze the subcelOsteopetrosis can be caused by an absence of osteoclasts or by their inability to resorb bone (Lazner et lular distribution of ClC-7 in more detail, we performed double immunofluorescence using antibodies against al., 1999). Numerous abnormally elongated osteoclasts (Figures 4J and 4K) . Expression levels were plasm. Thus, KO osteoclasts may be able to dissolve similar, and a subset of osteoclasts of either genotype some material from the surface initially, but cannot deshowed a prominent staining close to the bone surface.
grade dentin further. Osteoclasts differentiated from WT mice created many pits when seeded on ivory, whereas pits were never observed with Clcn7 Ϫ/Ϫ osteoclasts (FigClC- 
7-Deficient Osteoclasts Are Unable ure 5D). to Resorb Bone In Vitro
We used acridine orange fluorescence to study To measure bone resorption activity in vitro, osteoclasts whether the inability of Clcn7 Ϫ/Ϫ osteoclasts to degrade were isolated from the shafts of long bones from 2-to dentin is related to a defect in extracellular acidification. 4-day-old mice and seeded on dentine (ivory) slices.
Large fluorescing orange discs were observed beneath Many resorption pits were formed by WT osteoclasts, WT, but not KO, osteoclasts ( Figure 5E ). Clcn7 Ϫ/Ϫ osteobut were invariably absent from slices seeded with the clasts only showed a punctate pattern of faint orange same number of KO cells (data not shown). To exclude fluorescence, which corresponds to intracellular acidic a possible defect in osteoclast maturation due to an altered environment in KO bone, we differentiated oscompartments and which was also found in WT cells. A similar punctate pattern was seen when cells of either leles. This is important since it was not possible to obtain DNA from the parents of the patient. R762Q abolished genotype were stained for lamp-1 (data not shown). Thus, Clcn7 Ϫ/Ϫ osteoclasts had lost the ability for extraa positive charge within the conserved CBS2 domain ( Figures 6D and 6E ). To investigate whether the mutation cellular acidification, but could still acidify intracellular vesicles that probably correspond to the (pre)lysosomal affected protein expression, fibroblasts were analyzed by Western blotting and immunofluorescence (Figures compartments that express ClC-7 (Figures 2G and 5K) . This view is supported by a normal maturation of cathep-6F and 6G). In contrast to control cells, ClC-7 protein could not be detected in the fibroblasts from the patient. sin D in ClC-7-deficient fibroblasts (data not shown), a process which is exquisitely sensitive to alterations of late endosomal/lysosomal pH (Gieselmann et al., 1985) . We conclude that Clcn7 Ϫ/Ϫ osteoclasts differentiate norDegeneration of the Retina and the Optic Nerve Human malignant infantile osteopetrosis is often associmally and are able to attach to bone, but fail to secrete acid although their H ϩ -ATPase is expressed to normal ated with visual impairment (Gerritsen et al., 1994). It is controversial whether this results from a compression levels ( Figures 4J and 4K) . of the optic nerve by an osteopetrotic narrowing of the optic canal, or whether there is a primary retinal degenMutations in Human ClC-7 Cause Infantile Malignant Osteopetrosis eration. Micro-CT (computed X-ray tomography) analysis disclosed the abnormal skull shape of a P39 Clcn7 Ϫ/Ϫ The similarity of our mouse model to the human disease prompted us to search for mutations in the CLCN7 gene mouse and suggested a constriction of the optic canal ( Figures 7A and 7B) . Histological analysis revealed a in 12 cases of infantile malignant osteopetrosis. We sequenced genomic DNA and cDNA derived from leukoprogressive optic nerve degeneration that began at P14 (Figures 7C and 7D ). There was a severe degeneration cytes or cultured fibroblasts obtained from these patients. One patient was compound heterozygous for a of photoreceptors ( Figure 7E ) that started around P15 with a shortening of their outer segments. Only a few nonsense (Q555X) and a missense mutation (R762Q) in ClC-7 (Figures 6A-6C) . The R762Q mutation was not photoreceptor nuclei remained at day P28. The number of ganglion cells, which should be affected by optic found in 170 chromosomes of normal controls, excluding a polymorphism. On the cDNA level, only the misnerve compression (Berkelaar et al., 1994), were only mildly reduced at P28. This suggests that the degenerasense mutation could be detected ( Figure 6C ). This indicated that the mRNA bearing the stop mutation is tion of the optic nerve and the retina are independent events. degraded, and that both mutations lie on different al- 
Discussion
not interfere with the generation of osteoclasts or with their attachment to bone. However, Clcn7 Ϫ/Ϫ osteoclasts showed functional and morphological abnormaliWe have shown that ClC-7, a broadly expressed CLC chloride channel whose function has remained obscure, ties. They were unable to degrade bone in a pit assay, which is related to their inability to acidify the sealed resides within late endosomal and lysosomal compartments. Mice deficient for ClC-7 develop severe osextracellular space between the bone and the osteoclast. The presence of some biotinylated material within teopetrosis because their osteoclasts cannot secrete acid and thus cannot dissolve bone. This strongly sug-KO osteoclasts seeded on biotinylated ivory, however, suggested that some degradation was still possible. The gests that ClC-7 provides a Cl Ϫ -conductive pathway that acts in concert with the H ϩ -ATPase in electroneutral exocytotic fusion of acidic vesicles might cause an initial, limited extracellular acidification, but the ruffled borhydrochloric acid transport. Clcn7 Ϫ/Ϫ mice also display a severe retinal degeneration that is probably independer formed by this fusion may be unable to sustain acidification due to an intrinsic secretion defect. dent of an optic nerve compression. Mutations in the human CLCN7 gene cause a similar disorder, infantile Ruffled membranes were poorly developed in KO osteoclasts and were reportedly absent in osteoclasts malignant osteopetrosis. from oc-mice that lack an H ϩ -ATPase subunit (Scimeca et al., 2000) . Hence, a lack of ruffled borders may correLocalization and Function of ClC-7 in the Osteoclast late with a defective acidification of the resorption lacuna. Whether this is a direct effect of the pH in the Although it faces the extracellular matrix, the ruffled membrane of the osteoclast is, in many respects, similar lacuna on the membrane, or is rather due to a decreased exocytotic delivery of membranes into the ruffled borto the late endosome. Many typical markers, such as rab7, V-type H ϩ -ATPase, and lamp-2 are concentrated der, remains unclear. Bone-facing areas of KO osteoclasts also contained H ϩ -ATPase, indicating that the at the ruffled border (Baron et al., 1985; Palokangas et al., 1997). Moreover, the space between the ruffled biogenesis of this membrane by vesicle fusion is not entirely inhibited. membrane and the bone surface, the resorption lacuna, contains proteolytic enzymes and is highly acidic, so that this compartment is often referred to as an "extra-
Murine Phenotype and Human Osteopetrosis
The mouse model suggested that CLCN7 mutations may cellular lysosome." Thus, a late endosomal and lysosomal localization of ClC-7 in fibroblasts fits well with also underlie severe forms of human osteopetrosis. Indeed, 1 out of 12 osteopetrotic patients was a comits presence in the ruffled membrane.
For bone resorption to occur, the osteoclast must pound heterozygote for CLCN7 mutations, while 9 patients had mutations in the a3 subunit of the H ϩ -ATPase, be generated out of its precursors, attach to the bone surface, form the ruffled membrane, secrete acid and including patients that were described previously ( 
Molecular Diversity in Intracellular Acidification Processes
The acidification of intracellular organelles is crucial for in one pedigree, suggesting further genetic heterogeneity of the human disease. many processes including sorting, trafficking, and luminal enzymatic activities. Most of these compartments It is impossible to test the impact of CLCN7 mutations on channel function using a plasma membrane expresare acidified by V-type ATPases that need a parallel Cl Ϫ -conductance for efficient pumping (al-Awqati, 1995). sion system. However, the truncating mutation almost certainly abolishes channel function. In addition, the Given the variation in luminal pH between different organelles and the differences in trafficking and sorting premature stop codon drastically decreased the amount of mutant RNA (Culbertson, 1999). As a result, almost events, it is not surprising that the underlying transport proteins are molecularly diverse. There is increasing eviall ClC-7 mRNA in the patient's fibroblasts carried a missense mutation (R762Q) in the second cytoplasmic dence for different isoforms of the more than ten subunits of the V-type H ϩ -ATPase. Three diseases are CBS (cystathionine ␤-synthase) domain (Ponting, 1997) . The function of these domains is unknown, but mutaknown to be due to defects in H ϩ -ATPase subunits. 
Mutations in two different

